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Abstract
We consider a single scalar field inflation model with Higgs potential and curva-
ture corrections given by non-minimal derivative coupling to gravity and cou-
pling to the Gauss-Bonnet invariant. Exact analytical expressions, within the
slow-roll approximation, are obtained for the main physical quantities. These
corrections lead to successful inflation driven by the φ4-potential with the main
inflationary observables in the regions restricted by the latest Planck data. It
is shown that these curvature corrections can make the φ4 potential not only
compatible with the current CMB observations, but also consistent with the
Standard Model Higgs phenomenology, achieving the possibility that the Higgs
boson acts as the primordial inflaton.
1 Introduction
So far the theory of cosmic inflation is the most likely scenario for the eraly universe
[1, 2, 3], since this theory accounts for the almost scale-invariant spectra of primordial
density perturbations and provides the solution to the most pressing problems of the
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standard Big Bang cosmology, like the flatness, horizon, magnetic monopoles among
others (see [4, 5, 6, 7, 8, 9, 10] for reviews). These primordial fluctuations grow to
produce the observed large-scale structure and cosmic microwave background (CMB)
temperature anisotropy [11]. These results paved the way for all kinds of models that
explain the cosmic inflation using the most appealing mechanism of slow-roll inflation,
in which a sufficiently flat scalar field potential provides the necessary conditions for
quasi-exponential expansion, in order to to meet the demands of inflationary phe-
nomenology. The extreme energy and curvature conditions of the primordial universe
causes problems like the initial singularity [12, 13, 14, 16, 15, 17], quantum gravity
noise, violation of the unitarity bound [18, 19], that challenge all the inflationary
models. The avoidance of these problems and the increasingly accuracy of the cos-
mological observations impose tight restrictions on the number of viable inflationary
models. In addition to this, due to the high curvature and energy involved during
inflation, it has been hard to make contact with the scale of the high energy physics
that is currently available to us. The well known and most studied chaotic-inflation
models [20] with quadratic and fourth-order potentials in the frame of the simplest
single-scalar field model of inflation, have been discarded by the observational evi-
dence mostly because they lead to a tensor-to-scalar ratio larger than the upper limit
set by the latest data [11, 21]. Thus, the standard Higgs boson, which would be a
fundamental candidate for inflation, is excluded if it is minimally coupled to gravity.
Among the mechanisms used to lower the predictions for the tensor-to-scalar ratio,
the most studied is the addition of non-minimal coupling to gravity term of the type
ξφ2R [22]. But the successful inflation, in the case of Higgs boson non-minimally
coupled to gravity, demands ξ >> 1 which reaches the scale (∼ Mp/ξ) at which the
unitarity bound of the theory is violated [18], since Mp/ξ could be close or below the
energy scale of inflation.
Another approaches consider adding a term with derivatives of the scalar field coupled
to the Einstein tensor with constant coupling function, i.e. 1
2M2
Gµν∂
µφ∂νφ, where
M is a constant with dimension of mass [23, 24, 25], and in [26] a correction term of
the form ξ
2φ2
Gµν∂
µφ∂νφ was proposed, where ξ is a dimensionless constant which can
take values in a semi-infinite range [27]. This term also contributes to the solution
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of initial singularity problem [28, 16]. In general terms, the role of this correction is
to increase the gravitational friction that causes the scalar field to roll more slowly
than with the sole influence of the potential. This term also allows successful inflation
in small scalar field scenario. On the other hand, the simplest second-order curva-
ture correction represented by the scalar field coupling to the Gauss-Bonnet term has
been considered initially motivated by the solution of the initial singularity problem
[12, 13, 14, 16, 15, 17], and has been added to the simple scalar field model in order
to obtain inflationary observables consistent with current data. In general terms,
the GB correction may lead to suppression or increment of the tensor-to-scalar ratio,
depending on the sign of the coupling and it also can increment the scalar spectral
index towards the blue region, which imply tight constraints on the magnitude of the
GB correction [29, 30, 31, 32, 33, 34]. The analysis of the combined effect of both, the
non-minimal derivative and GB corrections in the dynamics of the slow-roll inflation
driven by the potential has been proposed in [27, 35].
In the present paper we propose the non-minimal derivative and GB curvature cor-
rections to the action of the Higgs boson, and analyze their effect on the slow-roll
dynamics, and the viability of slow-roll inflation driven by the Higgs potential. Al-
though the slow-roll inflation is driven by the Higgs potential, the curvature cor-
rections affect the scalar spectral index and the tensor-to-scalar ratio, among other
observables, through the equation of motion of the scalar field. This approach can
be considered as a hybrid between canonical and effective potential approach. Exact
analytical expressions, within the slow-roll approximation, are obtained for the main
physical quantities, and it is shown that the model leads to successful inflation con-
serving the Standard Model Higgs parameters without violation of quantum gravity
bounds.
2 The model and slow-roll equations
The model for the Higgs boson with curvature corrections given by its non-minimal
derivative coupling to the Einstein’s tensor and its coupling to the GB 4-dimensional
3
invariant is
S =
∫
d4x
√−g
[
1
2κ2
R− 1
2
∂µφ∂
µφ− λ
4
(
φ2 − v2)2 + F1(φ)Gµν∂µφ∂νφ− F2(φ)G]
(2.1)
where κ2 = M−2p = 8piG, Gµν is the Einstein’s tensor, G is the GB 4-dimensional
invariant given by
G = R2 − 4RµνRµν +RµνλρRµνλρ (2.2)
where we consider a Higgs boson doublet of the form H = (0, φ) with φ being a real
scalar field. Note also that in what follows one can neglect the vev of the scalar field
compared to its value during inflation. Here we consider inverse power-law coupling
functions
F1(φ) =
ξ
φ2
, F2(φ) =
η
φ4
, (2.3)
following the approach of ([27]). Power-law coupling for the GB correction has been
proposed in [31, 32, 36, 34], and in [26] a power-law for the derivative coupling term
has been proposed. It is worth noticing that the derivative coupling can be interpreted
as the coupling of the Ricci tensor to the free part of the matter energy-momentum
tensor. In fact, the energy momentum tensor for the free scalar field is given by
Tµν = ∂µφ∂νφ− 1
2
gµν∂σφ∂
σφ, (2.4)
which coupled to Rµν gives
RµνT
µν =
(
Rµν − 1
2
gµνR
)
∂µφ∂νφ = Gµν∂
µφ∂νφ (2.5)
An appealing property of the specific derivative coupling function ξ/φ2 is that the
term
ξ
φ2
Gµν∂
µφ∂νφ (2.6)
has an interesting symmetry: it is invariant under the transformation
φ→ 1
φ
which deserves further analysis. If this term were dominant (in the strong coupling
limit this term gives consistent values for the inflationary observables as will be shown)
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in the Lagrangian, which is an allowed asymptotic case, then the physics for small
and large field would be equivalent.
The field equations In the spatially flat FRW background
ds2 = −dt2 + a(t)2 (dx2 + dy2 + dz2) , (2.7)
can written as follows
H2 =
κ2
3
(
1
2
φ˙2 +
λ
4
φ4 + 9
ξ
φ2
H2φ˙2 + 24ηH3
d
dt
(
1
φ4
))
(2.8)
H˙ =
κ2
2
[
−φ˙2 + 2(H˙ − 3 ξ
φ2
H2)φ˙2 + 2ξH
d
dt
(
φ˙2
φ2
)
+ 8η
d
dt
(
H2
d
dt
(
1
φ4
))
− 8ηH3 d
dt
(
1
φ4
)]
(2.9)
φ¨+ 3Hφ˙+ λφ3 − 96 η
φ5
H2
(
H2 + H˙
)
+ 6ξH(3H2 + 2H˙)
φ˙
φ2
+ 6ξH2
φ¨
φ2
− 6ξH2 φ˙
2
φ3
= 0
(2.10)
In order to analyze we define the following slow-roll parameters
0 = − H˙
H2
, 1 =
˙0
H0
(2.11)
k0 = 3κ
2F1φ˙
2 = 3ξκ2
φ˙2
φ2
, k1 =
k˙0
Hk0
(2.12)
∆0 = 8κ
2HF˙2 = −32ηκ2H φ˙
φ5
, ∆1 =
∆˙0
H∆0
(2.13)
Using the slow-roll conditions φ¨ << 3Hφ˙ and k0, ... ∆1 << 1, we can reduce the
field equations to obtain
H2 ' κ
2
3
V, (2.14)
H˙ ' κ
2
2
(
−φ˙2 − 6H2 φ˙
2
φ2
+ 32ηH3
φ˙
φ5
)
, (2.15)
3Hφ˙+ λφ3 + 18ξH3
φ˙
φ2
− 96ηH
4
φ5
' 0, (2.16)
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The scalar field at the end of inflation is found from the condition 0(φE) = 1, and
the number of e-foldings before the end of inflation, using Eq. (2.16) is
N =
∫ φE
φI
H
φ˙
dφ = −
∫ φE
φI
H2 + 6H4F1
8H4F ′2 +
1
3
V ′
dφ =
∫ φE
φI
H2φ5 + 6ξH4φ3
32ηH4 − λφ8 dφ (2.17)
This equation allows to find the value of the scalar field at the horizon crossing, φE,
for a given number N of e-folds.
The Spectra of Scalar and Tensor Perturbations
To find the second order action we use the uniform-field gauge and the perturbed
metric around the FRW background given by
ds2 = −N2dt2 + γij
(
dxi +N idt
) (
dxj +N jdt
)
, (2.18)
with
N = 1 + A, N i = ∂iB, γij = a(t)
2e2ξ
(
δij + hij +
1
2
hikhkj
)
where A, B and ξ are the the scalar metric perturbations, and hij are tensor pertur-
bations satisfying hii = 0, hij = hji and ∂ihij = 0. Expanding the action (2.1) up to
second order in perturbations in the uniform-field gauge, we obtain the second order
action for the scalar perturbations (see [27]) for details
δS2s =
∫
dtd3xa3GS
[
ξ˙2 − c
2
S
a2
(∇ξ)2
]
(2.19)
where up to first order in slow-roll parameters
GS = M2p
(
0 − 1
2
∆0
)
(2.20)
and
c2S = 1−
4k0
(
0 + ∆0 +
4
3
ko
)
3 (20 −∆0) , (2.21)
where cS is the velocity of scalar perturbations. This action leads to the following
k-dependence for the power spectra (see details in [27])
Pξ =
k3
2pi2
|ξk|2 ∝ k3−2µs , (2.22)
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and the scalar spectral index in terms of the slow-roll parameters as
ns − 1 = d lnPξ
d ln k
= 3− 2µs = −20 − 201 −∆0∆1
20 −∆0 (2.23)
The second order action for the tensor perturbations takes the form (??)
δS2 =
1
8
∫
d3xdta2GT
[(
h˙ij
)2
− c
2
T
a2
(∇hij)2
]
, (2.24)
where in terms of the slow-roll parameters
GT = M2p
(
1− 1
3
k0 −∆0
)
(2.25)
and
c2T =
3 + k0 − 3∆0 (0 + ∆1)
3− k0 − 3∆0 (2.26)
which leads to the power spectrum for tensor perturbations as
PT =
k3
2pi2
|h(k)ij |2 (2.27)
giving the following expression for the tensor spectral index, up to first order in
slow-roll parameters
nT = 3− 2µT = −20 (2.28)
The relative contribution to the power spectra of tensor and scalar perturbations,
defined as the tensor/scalar ratio r
r =
PT (k)
Pξ(k)
. (2.29)
For the scalar and tensor perturbations we can write the power spectra respectively
as
Pξ = AS
H2
(2pi)2
G1/2S
F3/2S
, PT = 16AT
H2
(2pi)2
G1/2T
F3/2T
(2.30)
where FS = c2SGS, FT = c2TGT and
AS =
1
2
22µs−3
∣∣∣ Γ(µs)
Γ(3/2)
∣∣∣2, AT = 1
2
22µT−3
∣∣∣ Γ(µT )
Γ(3/2)
∣∣∣2, (2.31)
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and all magnitudes are evaluated at the moment of horizon exit when csk = aH.
Taking into account that AT/AS ' 1 when evaluated at the limit 0,∆0, ... << 1, as
follows from (2.23) and (2.28), we can write the tensor/scalar ratio as follows
r = 16
G1/2T F3/2S
G1/2S F3/2T
= 16
c3SGS
c3TGT
(2.32)
which in terms of the slow-roll parameters takes the form
r = 8
(
20 −∆0
1− 1
3
k0 −∆0
)
' 8 (20 −∆0) (2.33)
where the conditions during inflation 0, k0,∆0 << 1, allow to set cT ' cS ' 1. It is
worth noticing that this expression represents a modified consistency relation due to
the GB coupling. We can write r as
r = −8nT + δr = 160 + δr, δr = −8∆0, (2.34)
where r = −8nT = 160 is the standard consistency relation.
3 The observational constraints
Here we place observational constraints on the model (2.1) with Higgs potential, where
we neglect the vev v of the scalar field compared to its value at the horizon crossing.
Keeping the first order in slow-roll parameters, for all the main physical quantities
can be given exact analytical expressions. This allows us to find reliable values for
the observable quantities involved in inflation, like the scalar spectral index ns and
the tensor-to-scalar ratio r. Using (2.11)-(2.13), (2.14)-(2.16) we find the following
expressions for the slow-roll parameters in terms of the scalar field
0 =
48M4p − 32λη
3λβφ4 + 6M2pφ
2
, 1 =
32
(
3M4p − 2λη
) (
M2p + λβφ
2
)
3φ2
(
2M2p + λβφ
2
)2 , ∆0 = 64λη
(
3M4p − 2λη
)
9M4pφ
2
(
2M2p + λβφ
2
) ,
∆1 =
32
(
3M4p − 2λη
) (
M2p + λβφ
2
)
3φ2
(
2M2p + λβφ
2
)2 , k0 = 16λβ
(
3M4p − 2λη
)2
9M4p
(
2M2p + λβφ
2
)2 , k1 = 32λβ
(
3M4p − 2λη
)
3
(
2M2p + λβφ
2
)2 .
(3.1)
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Note that the coupling constant ξ is dimensionless while η has dimension of mass4,
and λ always appears in products with the couplings β and η. This makes more
practical work with the dimensionless parameters α = λβ and γ = (λη)/M4p .
From the condition (φE) = 1 we find the scalar field at the end of inflation as
φE =
Mp√
α
[
−1 +
√
1 + 16α− 32
3
αγ
]1/2
(3.2)
Note thatφE gets smaller as α increases. Integrating Eq. (2.17) we find the number
of e-foldings as
N =
3φ2
(
4M2p + αφ
2
)
M4p (64γ − 96)
∣∣∣φE
φI
(3.3)
which allows us to evaluate the scalar field at the horizon crossing, giving
φI =
Mp√
3α
[√
6
√
3 + 8(1 + 2N)(3− 2γ)α +
√
9 + 48(3− 2γ)α− 6
]1/2
. (3.4)
Using (3.1) in (2.23) and (2.33) we find
ns =
64λη (2λβ(φI/Mp)
2 + 3) + 3 (4(1− 16λβ)(φI/Mp)2 + 4λβ(φI/Mp)4 + λ2β2(φI/Mp)6 − 96)
3(φI/Mp)2 (λβ(φI/Mp)2 + 2)
2
(3.5)
r =
256 (3− 2λη)2
9(φI/Mp)2 (2 + λβ(φI/Mp)2)
, (3.6)
where we replaced α = λβ, γ = λη and φI is given by (3.4). Note that at γc = 3/2 the
tensor-to-scalar ratio is canceled. It also follows from (3.6) that the strong coupling
regime for the GB interaction can lead to unphysical increment of r. In fact, for
positive η the range of r is limited by γ < γc. For the kinetic coupling we have the
following behavior at the strong coupling limit
lim
β→∞
ns =
2N − 3
2N + 1
, lim
β→∞
r =
16(3− 2λη)
3(2N + 1)
. (3.7)
Thus, for N = 60 the model predicts ns ' 0.967 and for λη = 1 it gives r ' 0.044,
which are within the region bounded by the Planck. In this limit a product λη ∼ O(1)
give consistent values for r. This suggests that for large β, without reaching the strong
coupling limit, and in the region λη ∼ O(1) we can get interesting physical results.
9
0.960 0.962 0.964 0.966 0.968 0.970 0.972
0.01
0.02
0.03
0.04
0.05
ns
r
Figure 1: The variation of the scalar spectral index ns and tensor-to-scalar ratio r
for N = 50 (dotted), N = 60 (Dashed) and N = 70 (dot-dashed). We assumed
α = 1010 and γ takes values in the interval 1 ≤ γ ≤ 1.4. Note that for a given N , the
spectral index takes constant value, close to the strong coupling limit, while r varies
in an appropriate interval. The curves fall inside the region bounded by the latest
observations.
In Fig. 1 we show some trajectories in the (ns, r)-plane for three different initial
conditions set by N = 50, 60, 70.
In Fig.2 we show the range of values of the scalar field at the horizon crossing
and at the end of inflation, for the set of parameters considered in Fig. 1. In Fig. 3
we show the interval of values of the self-coupling λ corresponding to the trajectories
(ns, r) shown in Fig. 1, for γ < 1.3.
To analyze the observational constraints imposed by CMB normalization, we observe
that scale of the Hubble parameter during inflation can be evaluated using the COBE
normalization for the power spectra, which can be written as (2.30)
Pξ = AS
H2
(2pi)2
G1/2S
F3/2S
∼ H
2
2(2pi)2
1
FS ∼
H2
(2pi)2
1
20 −∆0 (3.8)
where at the limit (0, 1, ...)→ 0 we can use the approximation AS → 1/2 and c2S → 1.
In order to show the consistency with COBE normalization and the Standard Model
Higgs data, we take a sample of the parameters used in Fig. 1.
Taking α = 1010, γ = 1 and N = 60 we find from (3.1) and (3.4) the following values
10
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ϕ I
Figure 2: The region of values taken by the scalar field at the horizon crossing versus
its values at the end of inflation, for three different scenarios with N = 50 (dotted),
N = 60 (Dashed) and N = 70 (dot-dashed). As in Fig. 1 we assumed α = 1010
and γ in the interval 1 ≤ γ ≤ 1.4. The values of φI are consistent with the CMB
normalization.
1.00 1.05 1.10 1.15 1.20 1.25 1.30
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0.20
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γ
λ
Figure 3: The region of values taken by the self-coupling constant λ for the three
different scenarios with N = 50 (dotted), N = 60 (Dashed) and N = 70 (dot-
dashed). We assumed α = 1010 and γ in the interval 1 ≤ γ ≤ 1.3. The values of φI
are consistent with the CMB normalization.
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for the slow-roll parameters
0 = 0.0082, 1 = 0.0165, ∆0 = 0.0110, ∆1 = 0.0165, k0 = 0.0027, k1 = 0.0165.
(3.9)
Form (3.4), (3.5) and (3.6) we find
φI = 0.0159Mp, ns = 0.967, r = 0.044. (3.10)
Then, replacing these values in (3.8) we find
Pξ ' 2.4× 10−9 ∼ H
2
(2pi)2
1
0.005
⇒ H ∼ 2.2× 10−5Mp ∼ 5.3× 1013Gev. (3.11)
On the other hand, from the tensor/scalar ratio we find
PT = rPξ ∼ 2 H
2
pi2M2p
∼ 2V
3pi2M4p
∼ (r)2.4× 10−9 ∼ ⇒ V ∼ 1.63× 10−9M4p . (3.12)
This constraint applied to the potential V = λ
4
φ4 during inflation, using the value of
φI from (3.10), gives for the self-coupling constant λ the value
λ ' 0.1 (3.13)
Hence this potential is consistent with CMB observations and the Standard Model
Higgs parameters. From (3.13) follows that β ' 1011.
It is worth noticing that despite the fact that the kinetic coupling constant is large
( β = 1011), however the contribution of this term remains subdominant compared
to the potential. We can evaluate the kinetic coupling to curvature term, from the
Friedmann equation (2.8), during inflation as
9
ξ
φ2
H2φ˙2
∣∣∣
φI
= 9
ξ
φ2I
H4
(
∂φI
∂N
)2
. (3.14)
Taking the derivative of φI given in (3.4) with respect to N and using the parameters
of the above numerical sample we find
∂φI
∂N
' 6.6× 10−5,
and replacing the values of φI and H from (3.10) and (3.11) it is found that
9
ξ
φ2I
H4
(
∂φI
∂N
)2
' 3.63× 10−12M4p << V (∼ 1.63× 10−9M4p ). (3.15)
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4 Conclusions
In this paper we have studied the φ4-potential with curvature corrections given by the
kinetic term non-minimally coupled to the Einstein tensor and the scalar field coupled
to the GB invariant, and have verified that this field can realize successful inflation
and, indeed, can be identified with the Standard Model Higgs boson. The kinetic
coupling term has the interesting property of being invariant under the transformation
φ → 1/φ, which deserves further study. For all considered scenarios with N =
50, 60, 70, the model gives acceptable results consistent with the latest Planck data.
Although the kinetic coupling constant takes large values (β ∼ 1011), however, the
corresponding term in the Friedmann equation remains subdominant compared to the
potential, as Eq. (3.15) shows, which is consistent with the slow-roll dynamics driven
by the potential. In addition to this, this value of the kinetic coupling constant
is enough to give ns very close to the strong coupling limit given in (3.7), where
ns = 0.96, 0.967, 0.972. for N = 50, 60, 70 respectively. Indeed, evaluating ns from
(3.5) with the data of Fig.1 for γ = 1, it is found practically the above same values for
ns. From Fig. 1 it follows that for a given N , the spectral index is almost constant
along the considered γ-interval. Moreover it should be noted that the spectral index
remains practically the same along large β-interval (that covers various orders of
magnitude), but to satisfy the COBE normalization and the Higgs boson restrictions,
the coupling β should be in the region β ∼ 1011. This behavior of ns being practically
the same along the considered γ-interval and large β-interval, induces us to think that
the model predicts ns and precisely gives fairly attractive value. The tensor-to-scalar
ratio, which in the large kinetic coupling limit depends on η (see (3.7)) takes also
values in the interval bounded by the latest Planck observations. The behavior of the
self-coupling λ is depicted in Fig. 3 that shows the consistency with the Standard
Model Higgs phenomenology. As follows from (3.11), the curvature scale involved in
the inflation satisfies R ' 12H2 << M2p , and therefore the quantum gravity bound
is not exceeded.
The numerical analysis shows that the tensor-to-scalar ratio is controlled also by the
allowed values of λ. According to the electroweak Standard Model, the allowed values
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of λ are in the range 0.1 < λ . 0.27 which bounds r to the interval 0.017 ≤ r ≤ 0.044
for N = 60. This result takes place independently of the large β coupling limit (see
(3.7)). Thus, in some sense the model also predicts the value of r or at least gives
tight interval for allowed values of r, which is well inside the region quoted by the
latest observations. We have proposed a framework in which the Higgs boson acts
as the primordial inflaton. The considered curvature corrections to the inflationary
scenario could help in the understanding of inflation from fundamental theories like
the superstring theory.
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